A quantitative, reproducible method was developed for the evaluation of the virucidal activity of test gases. Using this method, we determined the virucidal effectiveness of a Steri-Vac ethylene oxide gas sterilizer. Wool gabardine material was exposed to high concentrations of herpes simplex, vaccinia, parainfluenza, or polio viruses and was processed through the sterilizer. Two time-temperature cycles of the machine, 29 C for 180 min and 60 C for 48 min, were used in separate experiments. The viruses were exposed to the gas when freshly pipetted onto the fabric or when pipetted on the material and allowed to dry 16 to 24 hr. In two experiments carried out under each condition, the virus titers were reduced by the sterilization process to less than detectable limits. These titer reductions were for the herpes virus _ 2.7 to 5.0 log, for vaccinia virus _ 4.0 to 6.1 log, for parainfluenza virus > 1.8 to 4.9 log, and for poliovirus _ 4.9 to 7.7 log. The observed reductions in virus titers were the same whether the virus-contaminated fabrics were sealed in polyethylene packages or held in open petri dishes during exposure to ethylene oxide.
The public health hazard of the viral diseases has long been recognized, and many measures have been considered for their control (3, 4) . Of considerable importance is the potential dissemination of viruses by various fomites such as clothing and other items, especially those utilized in hospitals or other sick room environments. Viruses vary considerably in their length of survival after being separated from susceptible living cells, with many factors such as temperature, humidity, hydrogen ion concentration, original suspending medium, etc., influencing their survival rate. Influenza virus, for example, usually becomes undetectable within 24 hr after being aerosolized in a closed room (13) ; if allantoic fluid containing the virus is dried on sterile talc, the virus may persist in a viable form up to 15 days, whereas if mucin is added to the suspension prior to drying the virus may survive up to 45 days (16) . We have found that two viruses, vaccinia and polio, which have widely differing biological and chemical properties, can survive for periods of time as long as 4 months or more on certain fabrics held at 25 C (2, 22, 23) . These data suggest a great need for agents which can serve as effective virucides for the sterilization of potential fomites.
Many chemicals have been considered as virusinactivating agents; these have included both inorganic and organic compounds. The epoxy compound ethylene oxide, (CH2)20, was known to have insecticidal, fungicidal, and bactericidal properties for many years (17, 18) ; only recently, however, were there reports on the virucidal effectiveness of this gas. Wilson and Bruno (26) reported in 1950 that 1% liquid ethylene oxide can inactivate vaccinia virus; Ginsberg and Wilson (7) subsequently demonstrated the "complete" inactivation of the viruses of influenza A, influenza B, Newcastle disease and Columbia MM and Theiler's FA mouse encephalomyelitis by the same concentration of ethylene oxide. Liquid ethylene oxide in a concentration of 10% caused a reduction of 4 log or more of eastern equine encephalitis virus (1) . The compound in a gaseous state (10% in C02) inactivated vaccinia and Columbia SK viruses (10), whereas concentrations of 0.05 and 0.5 ml of liquid ethylene oxide allowed to evaporate in a container was effective against foot-and-mouth disease virus (24) . In this latter study, complete inactivation was not accomplished after an exposure time of 60 min for the lower concentrations of the compound, however. The (2, 22, 23) and was therefore used in these studies. The other methodology utilized was modified from that used in previous virucidal studies (23 Sterilization cycles. The sterilizers studied had two time-temperature cycles, and both were evaluated in these studies by the manufacturer's recommendations for the use of the machine. These cycles were 29 C for 180 min (cold cycle) and 60 C for 48 min (warm cycle). A dampened sponge was placed in the machine to provide moisture necessary for greatest microbicidal activity (9) .
Viruses. Four viruses were used in these studies: vaccinia virus strain Lederle chorioallantoic, herpes simplex virus strain HF, parainfluenza virus strain C243, and type 2 poliovirus strain MEF-1. The viruses were received from Parke, Davis & Co., Detroit, Mich., in cell culture suspensions. Stock vaccinia, herpes simplex, and polio viruses were prepared in human epidermoid carcinoma of the larynx (HEp-2) cells (15) , whereas the parainfluenza virus was grown in human epidermoid carcinoma of the nasopharynx (KB) cells (5) . The cells were grown in Eagle's basal medium (BME; 6) supplemented with 10% calf serum; when a monolayer had become established, this medium was decanted and the virus was added together with BME supplemented with 5% agamma calf serum and 0.5% chick embryo extract. When the cells were visibly affected by the virus following incubation at 37 C, they were scraped into the supernatant fluid and homogenized in a Servall Omnimix homogenizer (Ivan Sorvall, Inc., Norwalk, Conn.) run at 16,000 revs/min for 30 sec. These stock virus preparations were stored in sealed ampules or bottles at ca. -70 C until used.
Fabric. White, nonmoth-treated wool gabardine material (J. P. Stevens Co., Inc., Milledgeville, Ga.) was used as a vehicle on which the viruses were placed to ascertain the virucidal effectiveness of ethylene oxide in these studies. The wool contained 1.25% oil, and the warp ends had been sized with pearl starch. The fabric was cut into 2-inch diameter circular swatches with a specially constructed steel die. At least 2 weeks prior to the initiation of these studies the swatches were processed through the Steri-Vac on the cold cycle for sterilization purposes and then were packaged in sterile petri dishes until used.
Storage of virus-containing swatches prior to sterilization. Airtight insulated cabinets held in a 25 C incubator room were used for fabric storage to maintain the desired humidity and temperature. Anhydrous potassium acetate was used to produce 35% relative humidity. The fabric swatches, separated by sterile fiberglass screens, were placed five to a dish in elevated-lid petri dishes (Falcon Plastics Division of B-D Laboratories, Inc., Los Angeles, Calif.). 8 Determination of virucidal effectiveness. In the virucidal evaluations against each virus, 1.0 ml of the virus was pipetted onto the fabric swatches. The concentrations of the virus varied with the virus, usually ranging from approximately 101 to 106 cell culture 50% infectious doses (CCIDo) per swatch. The effectiveness of the sterilizer was determined against both "wet" virus (placed on the fabric and exposed im-VOL. 17, 1969 mediately to the gas) and "dry" virus (virus placed on the fabric and allowed to dry 12 to 24 hr in 35% relative humidity prior to exposure to gas). After exposure to the gas at the pertinent sterilization cycle, each swatch was cut into small pieces and placed separately into a 40-ml cup of an Omnimix homogenizer. To the cup, containing polio, vaccinia, or herpes simplex virus, was added 25 ml of BME. BME containing twice the concentrations of vitamins and amino acids and supplemented with 5% fetal calf serum was used for the parainfluenza virus-contaminated swatches. The homogenizer cup was placed in an ice bath and the machine was operated at 16,000 rev/min for 30 seconds. This procedure effectively released the virus from the fabric. Of the eluate, 10 ml was removed and centrifuged at low speed for 5 min to remove suspended fibers. The supernatant fluid was placed in two 5-ml serum vials, sealed, and stored at ca. -70 C until one of the two vials was opened and the contents were assayed for virus titer. In later experiments, the virus assay was carried out immediately with no prior freezing, since the titers of the viruses were thought to possibly decrease during the additional storage. In these latter cases, a portion of the eluate was stored for future reference, however. In the event of a test's failing, or of doubtful results obtained from a particular assay, the stored eluate was then thawed and the virus content was determined.
The virus titer of each eluate was determined by assay in HEp-2 cells (KB cells for parainfluenza virus) grown in vinyl plastic panels, as described by Rightsel et al. (20) . Cytopathogenic effects were determined microscopically after incubation at 37 C. Each eluate was tested in quintuplicate in the panels, with the mean titer of these quintuplicate tests then representing the virus titer of the swatch. As cell controls for each test, five cups in each panel were set up in which assay medium was substituted for the virus.
Toxicity controls were tested at the same time as the test swatches by exposing swatches, upon which 1.0 ml of sterile virus diluent had been added, to the ethylene oxide and processing these swatches in the same manner as the test swatches. These toxicity control swatches were exposed to the gas as wet in or out of the bag, and dry in or out of the bag. One swatch was used in each form in every test carried out. As additional controls, sterile swatches similar to those used in the test itself were tested for cytotoxic effects without additional processing through ethylene oxide.
The virucidal effectiveness of the sterilizer was evaluated by comparing the mean virus titers of the five similar ethylene oxide-exposed swatches to the mean virus titers of the five equivalent virus control swatches, with the virucidal effect expressed as the mean log virus titer reduction. All CCID5o titers were calculated by the Reed-Muench method (19) .
RESULTS
Two virucidal tests carried out with each virus are summarized in Tables 1-4 . Regardless of the condition of the virus, manner of containment, or sterilization cycle, no virus was detectable on the fabric swatches after exposure to ethylene oxide in the sterilizer. The virus titer reduction varied with the virus and with swatch cytotoxicity; hence the reductions for herpesvirus varied from at least 2.7 to 5.0 log, for vaccinia virus from at least 4.0 to 6.1 log, for parainfluenza virus from at least 1.8 to 4.9 log, and for poliovirus from at least 4.9 to 7.7 log.
Toxicity control swatches held for at least 1 hr after removal from the sterilizer were virtually nontoxic, although if the swatches were tested immediately after processing through the sterilizer moderate toxicity was seen in the cell culture systems employed. Aeration obviously eliminated any excess cytotoxicity. The second test indicated on Tables 1-4 was therefore different from the first in that a longer time lag between end of sterilization and elution of the virus from the fabric was used.
Since drying had an apparent inactivating effect on the viruses, the dry viruses were usually held for a shorter period of time prior to sterilization in the second test.
DISCUSSION
The epoxy alkylating agent ethylene oxide was markedly virucidal in these studies when utilized in gaseous form in the Steri-Vac sterilizer. The virucidal effectiveness of this gas was apparent against all the viruses used, with titer reductions ranging from 1.8 to 7.7 log, depending on the virus.
Klein and DeForest (11) 35%O relative humidity at 25 C and were exposed to gas. The dry and the wet swatches were immediately macerated and the eluates were frozen at ca. -70 C, 24 hr prior to assay in HEp-2 cell culture. Test 2: same as Test 1 except the swatches were held an additional 1 hr after being removed from the sterilizer, then macerated and the eluates assayed immediately in cell culture.
philic deoxyribonucleic acid (DNA) viruses, the former representing the large and important herpesvirus group, and the latter representing the important poxvirus group. Morphologically, the herpesviruses have an icosahedral form, they are heat-and pH-labile, and have approximately half the diameter of the poxviruses, which are brickshaped and heat-and pH-stabile. The parainfluenza virus is also lipophilic, but is a ribonucleic acid (RNA) virus of the myxovirus group. The virus is pH-labile and is rather friable. The RNA-containing poliovirus, a member of the picornavirus group, is smaller than the other viruses used in this study, hydrophilic, pH-stabile, and heat-labile. These viruses usually differ markedly in their susceptibility to chemical and physical inactivation (4, 11) .
Whether the viruses were freshly pipetted and therefore wet or allowed to dry 16 to 24 hr in 35% relative humidity had little discernible effect on their inactivation by ethylene oxide. The recommended inclusion of a dampened sponge in the sterilization chamber with the dry virus may have aided this inactivation, since moisture has been found to be necessary for ethylene oxide to have effective microbicidal properties in a relatively dry atmosphere (9) . The enclosure of the virus-containing swatches in polyethylene packages had no effect on the virucidal effectiveness of the gas. In all experiments the Indox tape changed color, indicating the presence of gas in the sterilizing chamber of the machine.
Wool gabardine material was used as the carrier for the viruses in these studies because both DNA and RNA viruses persist for relatively long periods of time on it (2, 22) . In our studies, the viruses usually survived in sufficiently high titers, even after drying, to provide a satisfactory VOL. 1 7, 1969 relative humidity at 25 C and were exposed to the gas. The dry and wet swatches were immediately macerated and the eluates were frozen at ca. -70 C, 24 hr prior to assay in HEp-2 cell culture. Test 2: swatches were exposed to virus, and the dry virus-containing swatches were held 12 hr in 35% relative humidity at 25 C and were exposed to the gas. The dry and wet swatches were held an additional 1 hr and macerated, and the eluates were assayed immediately in HEp-2 cell culture. See footnotes a-e of Table 1 . b Test 1: swatches were exposed to virus, and the dry virus-containing swatches were held 16 to 24 hours in 35% relative humidity at 25 C and were exposed to gas. The dry and the wet swatches were held an additional 1 hour, macerated, and the eluates assayed for virus either immediately or after freezing at ca. -70 C for 24 hr. Test 2: similar to test 1, except the dry swatches were held 12 hr in 35% relative humidity at 25 C prior to exposure to gas. drawn concerning the effectiveness of ethylene oxide on viruses not used in this study. However, the viruses selected for these experiments differed from each other in many characteristics and were perhaps representative of the majority of the animal viruses of public health significance. From a practical standpoint, therefore, the sterilizer appears to be a satisfactory tool for inactivating viruses on potential fomites which could not be sterilized with heat.
